Introduction
============

Organisms and cells are constantly exposed to a variety of stressors such as heat, heavy metals, and anoxia, among which the worst environmental condition affecting poultry is heat stress. Heat stress can result in great economic losses by reducing growth rate and hatchability and increasing mortality \[[@B29]\]. Previous studies have shown that heat stress could cause a cellular imbalance between the production of reactive oxygen species (ROS) and antioxidant systems, then further stimulate the ROS production \[[@B10]\], accompanied by oxidative damage \[[@B27]\]. Reactive oxygen metabolites trigger a self-protective mechanism to resist stress known as the heat stress response, which involves the synthesis of heat-shock proteins (Hsps) to protect cells from oxidative stress injuries or repair injured cells/tissues \[[@B16]\].

Some reports have demonstrated a strong relationship between oxidation and Hsp70 expression \[[@B15]\]. Like Hsp70, Hsp90 is an abundant molecular chaperone involved in cytoprotection. Inducible Hsp90 folds, stabilizes and functionally regulates a variety of cellular proteins in response to stress insults \[[@B7]\]. Hsp90 also helps stabilize and mature the conformation of "client" proteins, which include key mediators of signal transduction in cell survival \[[@B11]\]. However, studies of the protective effects of Hsp90 expression against oxidative damage of myocardial cells induced by heat stress are rare. Controlling the expression or function of Hsp90 experimentally provides a method to investigate the effect of Hsp90 on heat stress injures of myocardial cells systematically. Previous studies showed that long-term administration of aspirin increased Hsp expression \[[@B20]\]. Moreover, co-exposure of the fish cell, CHSE-214, to aspirin and heat shock (24℃) enhanced heat shock-induced Hsp70 expression via activation of heat shock factors \[[@B23]\]. Our previous *in vivo* studies revealed that aspirin could induce Hsp90 overexpression and the subsequent activation of protein kinase B (Akt). Therefore, this study was conducted to verify aspirin as a stimulant of Hsp90 overexpression *in vitro*. Geldanamycin (GA) is a naturally as amycin antibiotic that is a specific inhibitor of Hsp90. GA functions by binding to Hsp90, preventing chaperone-client binding \[[@B16][@B28]\]. Inhibition of Hsp90 by GA was recently found to effectively prevent IκB kinase (IKK) biosynthesis and subsequent IKK and nuclear factor-kappa (NF-κB) binding activation in cells. Therefore, we selected GA as the Hsp90 inhibitor for this study \[[@B3]\].

Cells have developed complicated mechanisms, in addition to the Hsps induction, to respond to excess ROS during oxidative stress. Cells also respond to oxidative stress by activating multiple signal transduction pathways \[[@B29]\]. The signal transducer and activator of transcription (STAT) pathway is an important signaling mechanism that transduces the signal carried by extracellular polypeptides to the cell nucleus, where activated STAT proteins modify gene expression \[[@B29]\]. Akt, which is activated by various receptors for growth factors, cytokines and other signaling molecules, is well characterized in regulating cell apoptosis or survival \[[@B13]\]. The NF-κB pathway is also involved in the cellular response to stress, as well as in controlling the transcription of DNA. NF-κB activation response to stimuli results from phosphorylation and proteolytic degradation of IκB by IKK \[[@B9]\]. STAT, Akt and IKK are all client proteins of Hsp90 that play important roles in the stress response. Moreover, upregulating Hsp90 is an environmentally adaptive strategy to resist stress through maintenance of protein conformation and activation of the signaling pathways of key proteins \[[@B2]\].

The objective of the present study was to more fully understand the effects of Hsp90 expression on the response to oxidative stress of chicken myocardial cells exposed to heat stress *in vitro* using the promoter aspirin and inhibitor GA.

Materials and Methods
=====================

Materials
---------

Thiazolyl blue and aspirin were purchased from Genview and Sigma (USA), respectively. GA was purchased from Dingsibio (China). Anti-Hsp90 antibodies were purchased from Enzo (USA), anti-Akt antibodies were purchased from Cell Signaling Technology (USA), anti-phospho-IKKα/β and anti-STAT-3 antibodies were obtained from Santa Cruz Biotechnology (USA), anti-heat shock factor 1 (HSF-1) antibodies were obtained from Abcam (USA), and anti-GAPDH antibodies were obtained from EarthOx Life Sciences (USA). The ROS assay kit, FITC annexin V apoptosis detection kit and caspase-3, 8 and 9 assay kits were obtained from Beyotime Biotechnology (China), BD Pharmingen (USA), and AOGENE (China), respectively. The bicinchoninic acid (BCA) protein quantitative assay kit was purchased from Dingguo (China).

Cell culture
------------

Chicken primary myocardial cells isolated from the hearts of 11-day-old chicken embryos were provided for experimental use by Applied Biological Materials (Canada). Cells were cultivated in cell culture plates containing Dulbecco\'s modified Eagle\'s medium with high glucose supplemented with 20% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin for 48 h at 37℃ in a CO~2~ incubator to ensure that a minimum of 90% of the cells in the culture plates were alive.

Experimental treatment
----------------------

### Experimental treatment

### Effect of heat stress on chicken primary myocardial cells:

Chicken primary myocardial cells were treated with heat stress at 42℃ for 0, 1, 2, 3, 5 and 7 h. The heat-stressed cells were used to detect the cell viability by MTT assay, the apoptosis rate by annexin V and propidium iodide via flow cytometry, and the ROS level by measuring the absorbance of 2′,7′-dichlorodihydrofluorescein (DCF) fluorescence with fluorescence microplate reader (FLx800; BioTek, USA).

### The induction of Hsp90 by aspirin in chicken primary myocardial cells:

Chicken primary myocardial cells were treated with: (1) 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 and 1 mg/mL aspirin for 24 h, after which their viability was measured; (2) 0, 0.01, 0.1 and 1 mg/mL aspirin for 2 h and evaluated for Hsp90 expression by Western blot; and (3) 1 mg/mL aspirin for 0 h, 30 min, 1 h, 1.5 h, 2 h, 4 h and 8 h and probed for the Hsp90 expression by Western blot.

### The inhibitory effect of GA on Hsp90 in chicken primary myocardial cells:

Chicken primary myocardial cells were treated with 0, 0.01, 0.05, 0.1, 0.5, 1, 5 and 10 µM GA for 24 h, after which their viability was measured. Chicken primary myocardial cells were pre-treated with 10 µM GA, 1 µM GA, 0.1 µM GA and 0 µM GA for 14 h, then treated with 1 mg/mL aspirin or not for 2 h, after which the Hsp70 and Hsp90 expression was measured by Western blot.

### The translocation of HSF-1 of chicken primary myocardial cells in response to GA and/or aspirin treatment:

Chicken primary myocardial cells were pre-treated with 0 or 0.1 µM GA for 14 h, then treated with 1 mg/mL aspirin or not for 2 h, after which the location of HSF-1 was detected by immunofluorescence microscopy.

### The effect of different treatments on Hsp90/Akt/STAT-3/p-IKKα/β level, co-localization of Akt and STAT-3 with Hsp90, cellular conditions and casapase-3, 8, 9 activities in chicken primary myocardial cells exposed to heat stress:

Chicken primary myocardial cells were pre-treated with 0 µM GA or 0.1 µM GA for 14 h and then treated with 1 mg/mL aspirin or not for 2 h, after which they were heat-stressed at 42℃ for 5 h. The expression of the aforementioned proteins in the treated cells were analyzed by Western blotting, while they were analyzed for co-localization by immunocytochemistry, and for caspases activities by enzyme-linked immunosorbent assay (ELISA).

Experimental methods
--------------------

### MTT assay:

The supernatant of treated cells was removed, and 0.9 mL medium and 0.1 mL MTT solution (5 mg/mL) were added to the cell plates. Incubation was conducted at 37℃ in the CO~2~ incubator for 3 h, after which 1 mL of dimethyl sulfoxide was added and the absorbance at 490 nm was measured.

### Flow cytometry:

Treated cells were washed with pre-cooled PBS, then digested with trypsin for 30 min at 37℃. The medium containing serum was added to terminate the digestion. Next, the cell suspension was centrifuged (1,000 × g) for 5 min, after which the sediment was washed with pre-cooled PBS twice. Binding buffer (300 µL) was subsequently added for detection, which was conducted according to the manufacturer\'s instructions.

### Measurement of ROS:

The determination of cellular ROS levels was conducted according to the manufacturer\'s instructions. The DCFH-DA (2,7-dichlorodihydrofluorescein diacetate) probe was loaded into cells before the test. After the appropriate processing, cells were digested with trypsin for 5 min at 37℃. The cell suspension was then collected for detection of the absorbance of DCF fluorescence.

### Protein extraction:

Cells were washed with ice-cold PBS, then lysed with a protein extraction reagent containing phenylmethylsulfonyl fluoride. Cell lysates were centrifuged at 13,000 × g for 5 min at 4℃ to remove cellular debris, after which the supernatants were collected. The total protein concentration was measured using a BCA protein quantitative analysis kit. The total protein samples were stored at −20℃ for protein quantification.

### Western blotting:

Cell protein samples (40 µg) were separated on an SDS-polyacrylamide gel and electrotransferred to polyvinylidene fluoride membranes. The membranes were then incubated overnight with primary antibodies at 4℃, washed with Tris-buffered saline with Tween 20 and further incubated with horse radish peroxidase-conjugated second antibodies at room temperature for 2 h. Antibody-antigen complexes were detected using Western blotting luminol reagent (Bio-Rad Laboratories, USA). Finally, reactive bands were quantified using the Quantity One software (ver. 4.6.2; Bio-Rad Laboratories). GADPH was used as the loading control.

### Immunocytochemistry:

Treated myocardial cells were fixed with 4% paraformaldehyde, then blocked with 5% BSA for 30 min after incubation with 0.5% Triton X-100 and washing with PBS. The cells were incubated with primary antibodies for HSF-1, Akt plus Hsp90 and STAT-3 plus Hsp90 at 37℃ for 1 h, then incubated with rhodamine (plus fluorescein isothiocyanate)-conjugated secondary antibodies at 37℃ for 1 h. After washing with PBS, cell nuclei were stained with DAPI (4,6-diamidino-2-phenylindole). Photographs of cells were taken under a fluorescence microscope.

### ELISA detection:

The activities of caspase-3, 8, and 9 in the chicken primary myocardial cells in all treated groups were detected using commercially available ELISA kits according to the manufacturer\'s protocol. The sensitivities were found to be 2 U/L, 0.5 U/L, and 1 U/L, respectively.

Statistical analysis
--------------------

SPSS Statistics for windows (ver. 20.0; IBM, USA) was used for all statistical analyses by one-way analysis of variance followed by the least significant difference multiple comparison test. The Student\'s *t*-test was used to compare the variables between two groups. Results were expressed as the means ± SD. All experiments were performed in triplicate (n = 3).

Results
=======

The effect of heat stress on chicken primary myocardial cells
-------------------------------------------------------------

To determine the optimal heat stress time for subsequent tests, we measured the influence of heat stress on cellular viability, apoptosis and oxidative stress levels of chicken myocardial cells ([Fig. 1](#F1){ref-type="fig"}). We found that, from 1 h of heat stress, the cellular viability decreased (*p* \< 0.01), while the apoptosis rate increased (*p* \< 0.01), accompanied by a rise ROS levels. However, the apoptosis rate of myocardial cells at 5 h was significantly higher (*p* \< 0.01) than that from 1 h to 3 h. Therefore, we selected 5 h of heat stress for the subsequent tests.

The induction of Hsp90 by aspirin in chicken primary myocardial cells
---------------------------------------------------------------------

To determine the optimum concentration and treatment time for aspirin, cellular viability and Hsp90 expression were measured after aspirin treatment ([Fig. 2](#F2){ref-type="fig"}). None of the concentrations of aspirin used affected the viability of chicken myocardial cells. The Hsp90 expression of myocardial cells increased significantly in response to aspirin at concentrations of 0.1 and 1 mg/mL after 2 h of treatment. Chicken myocardial cells could significantly upregulate (*p* \< 0.01) the Hsp90 expression from 1 h of aspirin administration at 1 mg/mL. Therefore, treatment with 1 mg/mL aspirin for 2 h was selected for subsequent tests.

The inhibitory effect on Hsp90 by GA in chicken primary myocardial cells
------------------------------------------------------------------------

To verify the inhibitory effect of GA on Hsp90, we measured Hsp70 and Hsp90 expression, as well as the translocation of HSF-1 ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). The results showed that when chicken primary myocardial cells were treated with GA at 0.01 to 10 µM, cell viability was not affected. At these GA concentrations, the Hsp90 expression level decreased, which was accompanied by elevated Hsp70 expression. Additionally, cells treated with GA showed higher nuclear localization of HSF-1 than non-treated cells and those treated with aspirin. When the cells were treated with GA (0.1 µM GA) for 14 h followed by aspirin treatment for 2 h, nuclear translocation of HSF-1 was also detected. Thus, treatment with GA at 0.1 µM for 14 h was selected for the subsequent tests.

The effect of different treatments on Hsp90 expression in chicken primary myocardial cells exposed to heat stress
-----------------------------------------------------------------------------------------------------------------

The effects of different treatments on Hsp90 expression are shown in [Fig. 5](#F5){ref-type="fig"}. Aspirin treatment increased Hsp90 expression (*p* \< 0.05) in myocardial cells exposed to heat stress when compared with cells treated by heat stress alone, while GA treatment decreased the Hsp90 level significantly. However, aspirin treatment did not effectively stimulate the Hsp90 expression of myocardial cells exposed to GA in advance.

The effect of different treatments on Akt and STAT-3 expression in chicken primary myocardial cells exposed to heat stress
--------------------------------------------------------------------------------------------------------------------------

As shown in [Fig. 6](#F6){ref-type="fig"}, both aspirin treatment and co-treatment with GA and aspirin increased (*p* \< 0.01) Akt expression. GA treatment decreased the Akt level to some extent compared with that in cells treated only by heat stress. Moreover, the Akt level in myocardial cells co-treated with GA and aspirin was significantly higher than in those treated with GA alone, and very close to the level in cells treated with aspirin alone. In addition, when compared with cells treated only by heat stress, STAT-3 expression increased significantly in all treatments (aspirin, GA, and GA and aspirin). Moreover, the STAT-3 levels in response to both aspirin treatment and GA treatment were higher (*p* \< 0.01) than that in response to co-treatment with GA and aspirin.

The effect of different treatments on co-localization of Akt and STAT-3 with Hsp90 in chicken primary myocardial cells exposed to heat stress
---------------------------------------------------------------------------------------------------------------------------------------------

Upper panels in [Fig. 7](#F7){ref-type="fig"} shows the co-localization results of Akt and Hsp90 in chicken primary myocardial cells exposed to heat stress. In non-treated cells, Akt was co-localized with Hsp90 in the cytoplasm of myocardial cells (panel A1 in [Fig. 7](#F7){ref-type="fig"}). After exposure to heat stress, double immunofluorescent staining in the cytoplasm was slightly enhanced and co-localization of Akt and Hsp90 was observed in the nucleus (panel A2 in [Fig. 7](#F7){ref-type="fig"}). Aspirin treatment significantly increased the signal intensity of co-localization of Akt and Hsp90 in the both cytoplasm and the nucleus (panel A3 in [Fig. 7](#F7){ref-type="fig"}). GA treatment reduced the co-localization staining of Akt and Hsp90 compared with that in non-treated cells (panel A4 in [Fig. 7](#F7){ref-type="fig"}). When cells were co-treated with GA and aspirin, the co-localization signal of Akt and Hsp90 in the cytoplasm and nucleus were increased relative to that in cells treated with GA alone (panel A5 in [Fig. 7](#F7){ref-type="fig"}).

Bottom panels in [Fig. 7](#F7){ref-type="fig"} shows the co-localization results of STAT-3 and Hsp90 in chicken primary myocardial cells exposed to heat stress. In the non-treated cells, co-localization of STAT-3 and Hsp90 was very rare, and a weak STAT-3 signal was observed in the nucleus (panel B1 in [Fig. 7](#F7){ref-type="fig"}). Heat stress enhanced the co-localization of STAT-3 and Hsp90, as well as the nuclear translocation of SATAT-3 (panel B2 in [Fig. 7](#F7){ref-type="fig"}). Aspirin treatment strengthened the signal intensity of co-localization of STAT-3 and Hsp90 and its nuclear translocation significantly (panel B3 in [Fig. 7](#F7){ref-type="fig"}). When the cells were treated with GA, the co-localization of STAT-3 and Hsp90 and the nuclear signal of STAT-3 disappeared completely (panel B4 in [Fig. 7](#F7){ref-type="fig"}). When myocardial cells were first treated with GA, subsequent aspirin treatment reinstated the co-localization of STAT-3 and Hsp90 and its nuclear translocation, to some extent (panel B5 in [Fig. 7](#F7){ref-type="fig"}).

The effect of different treatments on p-IKKα/β levels in chicken primary myocardial cells exposed to heat stress
----------------------------------------------------------------------------------------------------------------

The p-IKKα/β level in chicken primary myocardial cells is shown in [Fig. 8](#F8){ref-type="fig"}. Following heat stress, aspirin upregulated the p-IKKα/β level (*p* \< 0.05), while GA treatment and co-treatment with GA and aspirin downregulated the p-IKKα/β level significantly (*p* \< 0.05 and *p* \< 0.01, respectively) relative to cells treated by heat stress alone. The p-IKKα/β level in myocardial cells co-treated with GA and aspirin was significantly lower (*p* \< 0.01) than that in cells treated with aspirin or GA alone.

The effect of different treatments on chicken primary myocardial cells exposed to heat stress
---------------------------------------------------------------------------------------------

The effect of different treatment on chicken primary myocardial cells exposed to heat stress is shown in [Fig. 9](#F9){ref-type="fig"}. After exposure to heat stress, aspirin treatment increased the viability of myocardial cells (*p* \< 0.05), which was accompanied by a significantly lower apoptosis rate (*p* \< 0.01) and reduced ROS level (*p* \< 0.01) compared with those treated by heat stress alone. Moreover, GA treatment decreased the viability of myocardial cells (*p* \< 0.05), which was accompanied by a higher apoptosis rate and increased ROS levels (*p* \< 0.05) when compared to those treated by heat stress only. When chicken myocardial cells treated with GA first and then with aspirin were heat stressed, the apoptosis rate and ROS levels were lower (*p* \< 0.05) relative to those treated by GA only, while cell viability was lower (*p* \< 0.01) than those treated by aspirin only, and there was a higher apoptosis rate (*p* \< 0.05) and ROS level (*p* \< 0.01).

The effect of different treatments on caspase-3, 8 and 9 activities in chicken primary myocardial cells exposed to heat stress
------------------------------------------------------------------------------------------------------------------------------

The caspase-3, 8 and 9 activities in chicken primary myocardial cells exposed to heat stress are shown in [Fig. 10](#F10){ref-type="fig"}. When compared with those treated by heat stress alone, aspirin treatment induced a significant (*p* \< 0.05) upregulation of caspase-3 and downregulation (*p* \< 0.01) of caspase-8 and caspase-9. GA treatment increased the activity of caspase-3 significantly, while co-treatment with GA and aspirin increased the activities of caspase-3 (*p* \< 0.01) and caspase-9 (*p* \< 0.05). The activities of caspase-3 and caspase-9 in the myocardial cells treated first by GA and then by aspirin were higher (*p* \< 0.01) than in those treated by aspirin and lower (*p* \< 0.01) than in those treated by GA. The activity of caspase-8 in myocardial cells co-treated with GA and aspirin was higher (*p* \< 0.01) than in those treated by aspirin and lower (*p* \< 0.05) than in those treated by GA.

Discussion
==========

Previous studies reported that heat stress could cause severe damage to myocardial cells in rats, accompanied by an increase in apoptotic cells \[[@B19]\]. Heat stress would also induce superfluous ROS production and oxidative damage to cellular proteins and DNA \[[@B16][@B27]\], which was consistent with our results. The present study showed that from 1 h of heat stress, chicken primary myocardial cells were seriously injured, as indicated by reduced cell viability, increased cell apoptosis and intracellular ROS levels. The stress damage was more significant after 5 h of heat stress, especially in terms of apoptosis, suggesting that heat stress could induce oxidative stress and related cell apoptosis *in vitro*, which was in line with the results of Islam et al. \[[@B19]\] in heat-stressed rat primary myocardial cells. There was a strong negative correlation between Hsp90 expression and ROS level/cell apoptosis; namely, high expression of Hsp90 increased anti-stress capacity \[[@B16][@B19]\].

Aspirin, which is used to reduce fever, lowers the temperature threshold needed to induce HSPs and promotes thermotolerance \[[@B1][@B14]\]. Our previous *in vivo* study showed that aspirin administration could increase Hsp90 expression in chicken myocardial cells with or without heat stress (data not shown). In the present study, aspirin treatment for 1 h or longer stimulated Hsp90 expression without affecting cell viability. Translated HSF-1 or purified HSF *in vitro* could be activated by low pH (pH 6.5). Aspirin is an organic acid; therefore, its effects on HSF activity could be similar to the activating effects of low pH on HSF-1 conformation \[[@B38]\]. Aspirin causes HSF-1 to be phosphorylated and form an HSF-1-HSE complex, which is necessary to activate transcription \[[@B21]\].

GA competes with ATP for binding to the ATP-binding pocket of Hsp90, then inhibits the chaperone function of Hsp90, and reduced Hsp90 expression was also observed after GA treatment \[[@B6]\]. In addition, HSF-1 could translocate from the cytosol to the nucleus in response to Hsp90 inhibition \[[@B34]\]: when Hsp90 is not bound to a client protein, it binds to HSF-1 and other co-chaperone proteins, after which HSF-1 is activated and released from the co-chaperone complex. Activated HSF-1 translocates to the nucleus where it stimulates the transcription of Hsp70 gene \[[@B4]\]. Previous studies also showed that Hsp70 expression was increased when Hsp90 was inhibited, which was often used to confirm Hsp90 inhibition \[[@B36]\]. Hsp90 plays a central role in the conformational maturation of Hsp90-associated client proteins. GA-induced degradation of Hsp90 client proteins can result in decreased Hsp90 levels \[[@B6]\]. In this study, GA at 0.1 µM or above significantly inhibited Hsp90 expression in myocardial cells and induced Hsp70, while 0.1 µM GA induced the nuclear translocation of HSF-1. Taken together, these results illustrated that GA has a sufficient inhibitory effect on Hsp90 expression in chicken myocardial cells.

When exposed to heat and/or oxidation stress, HSPs, especially Hsp70 and Hsp90, could maintain cell functions and metabolism to enhance their resistance to stress damage, thereby increasing cell survival rate \[[@B15][@B16]\]. Hsp90 level is positively correlated with cellular survival and antioxidant capacity \[[@B16][@B37]\]. As expected, because of the self-protective consumption of heat-stressed myocardial cells, the Hsp90 level was obviously decreased. At that time, Hsp90 participates in cellular cytoprotection through folding, stabilizing, and functionally regulating cellular proteins in response to stimulation \[[@B7]\]. Cells also respond to oxidant injury through the activation of multiple signal transduction pathways, of which many key mediators are client proteins of Hsp90 whose conformational maturation and/or stability requires Hsp90 \[[@B11][@B29]\]. According to our results, heat stress resulted in a significant decrease in cell viability and a significant increase in cell apoptosis and ROS levels, illustrating that the Hsp90 consumption exceed the cellular tolerance to heat stress. Our results also showed that aspirin treatment increased Hsp90 expression during heat stress, and that this was accompanied by lower oxidative stress levels and cellular apoptosis. Additionally, GA inhibited the Hsp90 synthesis, which was followed by lower viability and higher apoptosis rate/ROS levels, further suggesting that the Hsp90 level is particularly important to the anti-stress capacity of myocardial cells.

Increased Hsp90 provided tolerance against stress and controlled cell survival via its effect on Akt expression \[[@B30]\], which influences cell functions via several mechanisms involved in protein phosphorylation, apoptosis and cell proliferation \[[@B35]\]. Akt, a client of Hsp90, binds to the middle domain of Hsp90 \[[@B31]\]. Hsp90 inhibition increases Akt degradation, which results in decreased Akt abundance accompanied by reduction of Akt activation \[[@B30]\]. Hsp90 also interacts with STAT-1α and STAT-3, which are required for STAT activation characterized by its phosphorylation and translocation from the cytosol to the nucleus in stressed cells \[[@B33]\]. Furthermore, the results of the current study demonstrated a positive correlation between Hsp90 level and STAT activation \[[@B32]\], suggesting that Hsp90 was required for STAT activation. We found that pre-treatment with aspirin increased total Akt and STAT-3 expression in heat-stressed cells, and that GA treatment reduced cellular Akt expression rather than STAT-3. The positive correlation between Hsp90 level and Akt expression further verified the importance of Hsp90 on its client proteins. However, Hsp90 expression in cells under aspirin or GA treatment did not influence the total STAT-3 level significantly, which is consistent with the results of a previous study \[[@B32]\] that showed that STAT phosphorylation changed rather than total protein levels with fluctuating Hsp90 expression. Moreover, the co-localization of Hsp90 and two client proteins in this study showed that heat stress could induce co-localization to different degrees, which was enhanced significantly by aspirin pre-treatment and inhibited by GA pre-treatment. The co-localization level was also affected by Hsp90 expression, especially the nuclear translocation accompanying co-localization, which was positively related to the degree of cellular stress injury in this study. Therefore, we believe that Hsp90 affects the capacity of cellular anti-stress reactions directly by influencing the expression levels and/or co-localization status of its client proteins.

The NF-κB pathway is also essential for cells during stress responses \[[@B17]\]. The phosphorylation degradation of IκB by the IKK complex causes activation of NF-κB \[[@B3]\]. IKK is also an Hsp90 client protein, and the enhanced affinity of Hsp90 for IKK increases NF-κB activation \[[@B26]\]. Moreover, Hsp90 inhibition by GA inhibited Hsp90-IKK complex formation, resulting in an increase in IKKα/β degradation \[[@B24]\]. Taken together, these findings suggest that Hsp90 is required for IKK to activate NF-κB. Hsp90 is required for both IKK stabilization and activation through their physical interaction \[[@B3]\]. Our results support the role of Hsp90 to activate IKK. We found that the increase in Hsp90 level by aspirin was accompanied by a higher level of p-IKKα/β, while the inhibition of Hsp90 by GA was followed by lower expression of p-IKKα/β.

Our investigation of enzymes related to cell apoptosis included caspase-3, 8 and 9. Two apoptosis pathways have been recognized, the extrinsic death receptor pathway (activated by caspase-8) and the intrinsic mitochondrial pathway (controlled by caspase-9), which finally activates caspase-3, resulting in the cleavage of various proteins and causing cell apoptosis \[[@B5][@B13][@B25]\]. The activities of all tested enzymes were influenced by heat stress to some extent, illustrating that apoptosis of chicken myocardial cells maybe related to both apoptosis pathways. Aspirin treatment effectively attenuated the activation of tested caspases through the induction of Hsp90, while inhibition of Hsp90 by GA activated the tested caspases, suggesting that Hsp90 expression was negatively correlated with cellular apoptosis.

According to our results, when Hsp90 expression was inhibited by GA, aspirin treatment could again increase Hsp90 expression, despite the rise being insignificant compared with that in cells treated by GA alone, which was accompanied by significant remission of the apoptosis rate and oxidant stress level. We believe the recovery of Akt expression accompanying the increased Hsp90 level might play an important role in the anti-oxidant stress and anti-apoptosis capabilities of cells. Akt forms a complex with Hsp90 that is necessary for Akt to perform various processes in cellular signaling \[[@B12]\]. When Akt is downregulated following inhibition of Hsp90 with GA, Akt-dependent survival activities are suppressed \[[@B8]\]. In the present study, aspirin treatment after treatment with GA stimulated Akt expression, enhanced its colocalization with Hsp90 and promoted the nuclear translocation of the complex in myocardial cells again. The direct correlation between resistance to oxidative stress and the Akt pathway has also been proposed by Ikeyama et al. \[[@B18]\]. Furthermore, Bcl-2 can inhibit apoptosis when stimulated by oxidative stress, and is primarily regulated by Akt \[[@B22]\]. Active Akt in association with Hsp90 is also reported to inhibit the activity of pro-apoptotic kinase ASK1. Hsp90-Akt binds to and phosphorylates ASK1 to maintain ASK1 in an inactive state \[[@B37]\]. These interactions contribute to the cellular pro-survival capacity related to Akt.

We also found that aspirin treatment after GA administration further decreased the total STAT-3 protein level. As stated above, Hsp90 is required for STAT phosphorylation. Therefore, the increase in Hsp90 expression induced by aspirin following GA would effectively promote the phosphorylation of STAT-3 resulting in STAT-3 levels decreasing significantly. Moreover, the co-localization of STAT-3 and Hsp90 did not increase significantly, which would also result in the degradation of STAT-3 protein considering the role of Hsp90 in conformation protection and structure stability \[[@B11]\]. Janus kinase 1/2 (JAK1/2), the upstream activator of STAT, is also an important client protein of Hsp90 \[[@B33]\]. Hence, JAK1/2 might be involved in regulation of STAT-3 level through its interaction with Hsp90. NF-κB is also a mitogen-activated protein kinase-regulated transcription factor that is activated by oxidative stress through the phosphorylation of its upstream factor, IKK \[[@B29]\]. The present study demonstrated that aspirin treatment after GA further decreased the p-IKKα/β level relative to that in cells treated with GA alone, which might reflect a reinforced interaction between Hsp90 and its client protein, IKK, while Hsp90 induction by aspirin led to a greater restriction in the phosphorylation level of IKK itself, leading to reduced stress-related cell damage.

In conclusion, Hsp90 expression has a positive effect on the cell\'s capacity to resist heat stress injury and avoid apoptosis, which was closely related to Akt expression, STAT activation through its phosphorylation, and IKK phosphorylation. However, when Hsp90 expression was inhibited before heat stress, the protective effect of subsequent Hsp90 induction was restricted to some extent. Therefore, to effectively resist heat-stress injury in chickens, preventive action such as better induction of Hsp90 through aspirin administration in advance is recommended.
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![Effect of heat stress on chicken primary myocardial cells. (A) The effect of heat stress (HS) on cell viability. (B) The effect of HS on cell apoptosis rate. (C) The effect of HS on cellular reactive oxygen species (ROS) level. The difference of the data at different times vs. that at 0 h is indicated by ^\*^*p* \< 0.05 and ^\*\*^*p* \< 0.01. The difference of the data at 1 h, 2 h, 3 h vs. that at 5 h and the data at 1 h, 2 h, 3 h vs. that at 7 h are indicated by ^††^*p* \< 0.01. OD, optical density.](jvs-18-129-g001){#F1}

![The induction of Hsp90 by aspirin (acetylsalicylic acid \[ASA\]) in chicken primary myocardial cells. (A) The effect of ASA on cell viability. (B) The effect of ASA at different concentrations on Hsp90 level of chicken primary myocardial cells. (C) The effect of ASA at 1 mg/mL on Hsp90 level of chicken primary myocardial cells. (A and B) The difference of data at different concentrations vs. that at 0 mg/mL is indicated by ^\*^*p* \< 0.05 and by ^\*\*^*p* \< 0.01. (C) The difference of the data at different times vs. that at 0 h is indicated by ^\*^*p* \< 0.05 and by ^\*\*^*p* \< 0.01. OD, optical density.](jvs-18-129-g002){#F2}

![Inhibitory effect of geldanamycin (GA) on Hsp90 in chicken primary myocardial cells. (A) The effect of GA on cell viability. (B) The effect of GA on Hsp70 and Hsp90 in chicken primary myocardial cells. The difference of the data of cells with different treatments vs. that of untreated cells is indicated by ^\*^*p* \< 0.05 and by ^\*\*^*p* \< 0.01. OD, optical density.](jvs-18-129-g003){#F3}

![The translocation of heat shock factor (HSF)-1 of chicken primary myocardial cells in response to geldanamycin (GA) and/or aspirin treatment. Chicken, primary myocardial cells, immunofluorescence staining, HSF-1 (red, TRITC), nuclei (blue, DAPI), HSF-1 and nuclei (pink, merged). ASA, acetylsalicylic acid. Scale bar = 20 µm.](jvs-18-129-g004){#F4}

![Effect of different treatments on Hsp90 expression in chicken primary myocardial cells exposed to heat stress. The difference of the data of cells with different treatments (excluding the data of untreated cells) vs. that of heat-stressed cells are indicated by ^\*^*p* \< 0.05. The difference of the data of cells treated by acetylsalicylic acid (ASA)+heat stress (HS) and geldanamycin (GA)+HS vs. that of cells treated by GA+ASA+HS is indicated by ^††^*p* \< 0.01.](jvs-18-129-g005){#F5}

![Effect of different treatments on protein kinase B (Akt) and the signal transducer and activator of transcription (STAT)-3 expression in chicken primary myocardial cells exposed to heat stress. The difference of the data of cells with different treatments (excluding the data of untreated cells) vs. that of heat-stressed cells are indicated by ^\*\*^*p* \< 0.01. The difference of the data of cells treated by acetylsalicylic acid (ASA)+heat stress (HS) and geldanamycin (GA)+HS vs. that of cells treated by GA+ ASA+HS is indicated by ^††^*p* \< 0.01.](jvs-18-129-g006){#F6}

![The effect of different treatments on the co-localization of protein kinase B (Akt) and the signal transducer and activator of transcription (STAT)-3 with Hsp90 in chicken primary myocardial cells exposed to heat stress. Immunocytochemical staining. Hsp90 (red, TRITC), Akt/STAT-3 (green, FITC), nuclei (blue, DAPI), Hsp90 and Akt/STAT-3 (yellow, merged), Hsp90 plus Akt/STAT-3 and nuclei (near white, merged). Scale bars = 20 µm.](jvs-18-129-g007){#F7}

![The effect of different treatments on the p-IKKα/β level in chicken primary myocardial cells exposed to heat stress. The difference of the data of cells with different treatments (excluding the data of untreated cells) vs. that of heat-stressed cells are indicated by ^\*^*p* \< 0.05 and by ^\*\*^*p* \< 0.01. The difference between the data of cells treated by acetylsalicylic acid (ASA)+heat stress (HS) and geldanamycin (GA)+HS vs. that of cells treated by GA+ASA+HS is indicated by ^††^*p* \< 0.01.](jvs-18-129-g008){#F8}

![The effect of different treatments on chicken primary myocardial cells exposed to heat stress. (A) The effect of heat stress (HS) on cell viability. (B) The effect of HS on cell apoptosis rate. (C) The effect of HS on cellular reactive oxygen species (ROS) level. The difference of the data of cells with different treatments (excluding the data of untreated cells) vs. that of heat-stressed cells are indicated by ^\*^*p* \< 0.05 and by ^\*\*^*p* \< 0.01. The difference of the data of cells treated by acetylsalicylic acid (ASA)+heat stress (HS) and geldanamycin (GA)+HS vs. that of cells treated by GA+ASA+HS is indicated by ^†^*p* \< 0.05 and by ^††^*p* \< 0.01.](jvs-18-129-g009){#F9}

![The effect of different treatments on caspase-3, 8 and 9 activities in chicken primary myocardial cells exposed to heat stress. The difference of the data of cells with different treatments (excluding the data of untreated cells) vs. that of heat-stressed cells are indicated by ^\*^*p* \< 0.05 and by ^\*\*^*p* \< 0.01. The difference of the data of cells treated by acetylsalicylic acid (ASA)+heat stress (HS) and geldanamycin (GA)+HS vs. that of cells treated by GA+ASA+HS is indicated by ^†^*p* \< 0.05 and by ^††^*p* \< 0.01.](jvs-18-129-g010){#F10}
